Abstract Mixed chlorobromoanisoles have recently been recognized as new potential odorous compounds in tap water. The odour threshold concentrations (OTCs) of these compounds are close to the sub ng/L (ppt) and associated descriptors are "earthy, musty, rubber". During a "swampy, musty" episode in water of the Norrtä lje district (Sweden), 2,4,6-mixed chlorobromoanisoles and their phenolic precursors were identified. These compounds were synthesised in order to quantify them in different types of waters. Samplings were performed during two different seasons. Results show that whatever the season, mixed haloanisoles and their precursors were present. Chlorination, biofilm activity and residence time in the distribution system seem to be critical factors for the appearance of such compounds.
Introduction
Tastes and odours in drinking water are important organoleptic parameters that consumers can directly appreciate. Among registered complaints, "earthy-musty" are recurrent descriptors. Many compounds, such as geosmin, 2-methylisoborneol, 2,4,6-trichloroanisole or 2,4,6-tribromoanisole have been associated with these off-flavours, and their occurrence largely described (Nyström et al., 1992; Malleret and Bruchet, 2002; Brownlee et al., 2004; Izaguirre and Taylor, 2004) . Recently, new potential odorous compounds, mixed chlorobromoanisoles, have been described. Odour threshold concentrations (OTCs) of some synthesised compounds with 2,4,6 and 2,3,6-substitution have been estimated by a flavour profile analysis method. The OTCs range from 2 to 14 ng/L, with "rubber, earthy, musty" as main descriptors (Diaz et al., 2005a) . The quantification of these compounds in Barcelona waters was achieved. 2,3,6-Dichlorobromoanisole isomers were the most abundant species, however concentrations in the tap water and distribution reservoirs were below 1 ng/L (Diaz et al., 2005b) . Diaz et al. have stressed the importance of water storage time associated with the appearance of such compounds.
Few articles have mentioned mixed chlorobromoanisoles as potential odorous compounds. A study has proposed an analytical method to identify 134 congeners of chloro-, bromo-and mixed chlorobromoanisoles in the air of different environments (Führer et al., 1996) . However, mixed chlorobromoanisoles were not detected in air samples from the North Atlantic ocean or from a wastewater treatment plant.
Our company has been in charge of production and distribution of the water for Norrtälje district (located in the northeast of Stockholm, Sweden) since 2002. Since 1996, Norrtälje has received a large number of complaints concerning off-flavour in water. A consumer survey carried out in 2002 showed that "swampy, musty" are the most frequent descriptors. The drinking water treatment plant, located in Norrtälje, has a capacity of about 7,000 m 3 per day and it serves 35,000 inhabitants. This plant is supplied by a lake with no industrial activity in the vicinity nevertheless, high concentrations of natural organic matter (NOM) are registered. Total organic carbon concentrations are approximately 8 mg/L in the lake and 5 mg/L at the outlet of the drinking water treatment plant. The treatment process consists of sand filtration, activated carbon filtration and chlorination steps. The high concentration of organic matter and the pH of the water (pH 8) produce a free chlorine concentration in the distribution network close to zero. Residence time of the water in the distribution system (above 10 days), low concentration of chlorine and differences of temperatures between seasons (the waters are normally covered with ice for two months during the winter and the surface temperature reaches þ20 8C in July) are factors that can impact on the production of off-flavours in the Norrtälje water. In order to characterise more precisely the odorous compounds, analyses have been carried out at different points of the network.
Stir bar sorptive extraction (SBSE) is a simple and fast enrichment technique which was applied successfully to trap in situ odorous compounds in Norrtälje waters. The analyses were carried out in France, both on target odorous compounds (phenolic and earthy-musty compounds) and on other substances which could induce off-flavours in water. Various samplings were performed from 2003 to 2005 at different seasons.
2,4,6-Tribromoanisole was identified and quantified in most of the sampling points at the outlet of the treatment plant. This compound could be involved in the global mustyswampy off-flavour. Mixed chlorobromophenols and the associated haloanisoles were also identified. The synthesis of some non-commercial chlorobromophenols and chlorobromoanisoles was undertaken to determine precisely the 2,4,6-substitution pattern of the substances found in Norrtälje water, enable their quantification and allow the future evaluation of their odour threshold concentrations.
Methods
Synthesis of 2,4,6-mixed chlorobromoanisole and halophenol standards Synthesis of 2,4,6-mixed phenolic precursors followed the protocol developed by Diaz et al. (2004) with some modifications: 2,4,6-mixed chlorobromophenols were synthesised by bromination in a methylene chloride solution of the respective commercial phenols. Potassium carbonate was added so as to enhance the bromination reaction. The organic phase was extracted with water and saturated NaCl solution, dried and evaporated. The final product was purified by chromatography using a silica gel column and cyclohexane/ethyl acetate mixture (20/1, v/v) as elution solvent. 2,4,6-Mixed trihalophenols structures were checked by NMR ( 1 H, 13 C) and purities by GC-MS were above 96%. 2,4,6-Chlorobromoanisoles were obtained following the protocol developed by Li et al. (1996) . 2,4,6-Mixed chlorobromoanisoles structures were checked by NMR ( 1 H, 13 C) and purities by GC-MS were above 96%.
Extraction
Optimisation of mixed chlorobromoanisole extraction by SBSE follows the procedure developed by Benanou et al. (2003) for 2-MIB, geosmin, trichloroanisoles and 2,4,6-tribromoanisole. Two stir bars (commercial name is "Twistere") are used for extracting two 100-mL water samples for two hours. 2,4,6-Trichloroanisole-d 5 is used as internal standard. Limits of quantification of 0.1 ng/L were obtained for the four mixed haloanisoles. 2,4,6-Mixed halophenols were acetylated in situ: 1 g potassium carbonate and 0.5 mL of acetic anhydride were added to a 100-mL water sample and SBSE was carried out for one hour. Tetrachlorophenol-13 C 6 is used as internal standard for the quantification of 2,4,6-dichlorobromophenols and pentachlorophenol-13 C 6 for 2,4,6-dibromochlorophenols. Limits of quantification of 10 ng/L were obtained for 2,4,6-chlorobromophenols.
The SBSE technique was applied successfully on site by Swedish technicians by using the same electronic micropipettes (for standard and internal standard spiking) and calibration solutions prepared by our institute and sent by iceboxes before each sampling. In this way, no difference was found, whatever the concentration considered, between samples extracted in Sweden and in France.
Studies concerning storage of the stir bar after extraction have shown that there was no loss of compounds (chlorobromophenols and chlorobromoanisoles) trapped on the stir bar for 30 days. Two storage temperatures (þ4 8C and room temperature) and two concentrations (0.5 and 5 ng/L for haloanisoles and 20 and 100 ng/L for halophenols) were tested but no difference was observed (Figure 1) . Hence, after the sampling, and in order to avoid the transportation of water, extracted Twisters were sent by iceboxes from Sweden to France for analysis.
Instrumental conditions
Mixed halogenated compounds were analysed by gas chromatography coupled with mass spectrometry (GC-MS). Stir bars were desorbed by a thermal desorption unit. The desorbed solutes were cryofocused in a programmed temperature vaporisation (PTV) injector. After desorption, the solutes were injected in the solvent vent mode. Mass spectrometric detection was achieved in the single-ion monitoring (SIM) mode for quantitative analyses and in scan mode for qualitative analyses. 2,4,6-Mixed chlorobromoanisoles and their precursors were included in two existing analysis methods: 13 haloanisoles (Table 1 ) and 25 halophenols (as the acetates) ( Table 2 ) can now be determined in suspected waters. Chromatographic conditions are detailed, as well as ions monitored for quantitative analyses. In this way, each compound is quantified with different ions and dedicated calibration curve. 2.4-dichloro-6-bromophenol 2.6-dichloro-4-bromophenol 2.6-dibromo-4-chlorophenol 2.4-dibromo-6-chlorophenol Figure 1 Impact of twister storage time: a, on 2,4-dichloro-6-bromoanisole response (0.5 ng/L) (ratio between the compound area after storage and the area of its quality control are represented for the two temperatures); b, on mixed chlorobromophenols response (20 ng/L, room temperature) (for each compound, the ratio between its area after storage and the area of its quality control is represented) E. Corbi et al.
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Results and discussion
Identification of mixed haloanisoles and their phenolic precursors in Swedish water
In scanning mode detection, mixed chlorobromophenols from Norrtälje water samples were identified. The characteristic isotopic ratio and the presence of an acetate derivative served to deduce that these compounds could be dichlorobromo-and dibromochlorophenols (Figure 2 ). At this time the substitution was unknown; however, it was known that hydroxyl substituent increases the rate of electrophilic substitution in the ortho/para position.
Based on these first results and on the experiments of Diaz et al. (2004) , we assumed the presence of corresponding mixed haloanisoles in Norrtälje water. Whatever the sampling period and for some samples after the chlorination step, mixed haloanisoles were identified from the bromine and chlorine peak patterns, with an unknown substitution (Figure 3) .
The presence of these compounds and their specific substitution in Norrtälje water were confirmed by the synthesis of 2,4,6-mixed chlorobromo standards. Standards and compounds present in Norrtälje water showed the same retention times and the same mass spectra (Figure 4) . Tables 3 and 4. 2,4,6-Tribromoanisole (2,4,6-TBA) was identified in most of the sampling points after chlorination and its concentrations were above its OTC of 30 pg/L (UKWIR, 1996) . At this concentration, this compound can explain the musty odour of Norrtälje water. 2,4,6-Mixed chlorobromoanisoles are also recurrent compounds in water samples. They are present only after the chlorination step. Higher concentrations are obtained for sampling points where water residence times are the longest. 2,4-Dibromo-6-chloroanisole and 2,6-dibromo-4-chloroanisole are the most abundant species.
Quantification of mixed chlorobromophenols in water samples shows that higher concentrations are observed at the outlet of the drinking water treatment plant, at the rechlorination point and in the Norrtälje water tower. The outlet of the plant and rechlorination point show the higher total chlorine concentrations (0.31 and 0.25 mg/L, respectively).
As for mixed chlorobromoanisoles, mixed phenolic precursors seem to be present at higher concentrations in April. The variation of the climate according to the season may favour the development and activity of the biofilm in the distribution system. Microbiological analyses were carried out on total biological species which could have an impact on off-flavour episodes in water (actinomycetes, yeast, moulds), but no correlation was Drinking water treatment plant process: (1) inlet, (2) sand filtration, (3) carbon filtration, (4) outlet (a) earthy-musty complaints, large residence times (Furusund is located 40 km from Norrtä lje); (b) water treatment plant laboratory, tap water rarely used; (c) Norrtä lje hotel, earthy-musty complaints; (d) Norrtä lje water tower; (e) child care centre (Ranä s is located 30 km from Norrtä lje); (f) rechlorination point E. Corbi et al. 191 found at this time between odour intensity and colony numbers. Nevertheless, an increase of heterotrophic bacteria was observed from October 2004 to April 2005. Correlation between mixed chlorobromophenols and mixed chlorobromoanisoles occurrences have been studied. A slight decrease of precursor concentrations is observed when mixed chlorobromoanisole concentrations increase ( Figure 5 ). This observation should be confirmed in further experiments.
Conclusions
The stir bar sorptive extraction technique was successfully applied for in situ sampling and enrichment of water in Sweden in order to trap odorous compounds as soon as they appear. In this way four new odorous compounds and their precursors were identified in Swedish drinking waters. Compounds considered were 2,4,6-dichlorobromoanisole and 2,4,6-dibromochloroanisole isomers and corresponding phenolic precursors. These compounds were synthesised by our research centre. Limits of quantification estimated by thermodesorption-gas chromatography-mass spectrometry (TDS-GC/MS) in single ion monitoring mode were 0.1 ng/L for 2,4,6-mixed haloanisoles, 10 ng/L for 2,4,6-chlorobromophenols. Nevertheless, these limits have to be validated in future experiments according to an experimental XPT-90-210 AFNOR standard.
Whatever the sample and the season considered, all those compounds were retrieved at concentrations ranging from 0.1 to 4.7 ng/L for mixed chlorobromoanisoles and 10 to 50 ng/L for mixed chlorobromophenols. Studies must be carried out in order to determine the OTC values of these compounds, in particular for 2,4-dichloro-6-bromoanisole and 2,4-dibromo-6-chloroanisole, which were not estimated by Diaz et al. (2005a) . The presence of both these new compounds and 2,4,6-tribromoanisole could explain the global "musty, swampy" off-flavour in the Norrtälje district.
In conclusion, mixed chlorobromoanisoles and chlorobromophenols could explain more episodes of tastes and odours not yet solved. 192
